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HYBRID POSITION AND IMPEDANCE CONTROL OF A FORGING 
PROCESS 
 
DEREK STAKE 
 
ABSTRACT 
 
“Pick and place” robotic material handling has been a key to increase piece rates 
and reduced variability in forging processes.  One of the drawbacks to current 
“pick and place” robotic material handling methods is the inability to locate the 
part after a forging operation and move it to the next position in a timely manner.  
If the billet changes position during the forging process, the manipulator will take 
longer to find the part and transfer it to the next station; or the manipulator will be 
unable to move the part to the next position correctly which may cause scrap. 
Another drawback is due to the fact that the robot must let go of the billet and 
move out of the way of the equipment so to not get damaged.  This adds extra 
time to the cycle and reduces productivity. By using sliding mode controls the 
robotic manipulator will be able to maintain hold of the billet during forging 
process and rapidly move the part to the next operation.  This reduces handling 
time and possible scrap.  The sliding mode controller will be designed to regulate 
the center position of the billet and the impedance of the gripper.  Impedance is 
the way that a controller can control the force developed in a system. By 
controlling the impedance of the gripper, the forces on the outside of the billet will 
be maintained at a level that prevents the billet and the gripper from being 
destroyed.  A mock forging operation was setup and tested to show how the 
system would work with a simplified gripper.  
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CHAPTER I 
 
INTRODUCTION
 
 
Forging is a very complex process of metal forming.  There are many 
variables: methods of deforming metal, types of metal, types of forging 
equipment, and the list goes on and on.  A simple description is that a volume of 
metal, a billet, is heated to an elevated temperature, which varies on the method 
of forging and material, and then is deformed into a preferred shape by use of 
dies and force.  The force is delivered by forging equipment which moves the 
dies.  The deformed metal is then removed and cooled for further processing.  
The method of transferring the metal is varied as well.  Most applications have a 
human operator move the metal around with tongs, manipulators, and fork 
trucks.  Other methods are the use of conveyors, vibratory tracks, and robots. 
Robotic handling of billets during the forging operation increases 
production time and adds stability to a process by adding repeatability. The robot 
has end effectors, called a “gripper” for our case, which holds onto the billet or 
work piece. Current gripper designs that have been developed for the forging 
industry can be improved upon greatly by adding position and impedance control.  
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The first chapter of this thesis will discuss the motivation for the design, a brief 
description of specific process that the design will be applied to, and a scope of 
the thesis will be presented. 
1.1 MOTIVATION 
 
The gripper, with current technology, grips onto the part at a programmed 
pressure and maintains that same pressure, minus some loss due to 
inefficiencies in the hydraulic/electrical/mechanical system [1].  It is not able to 
open up with enough speed to react to the dynamic forging operation due to the 
limits of the design.  So when the billet is upset the gripper does not respond to 
the changing diameter and causes the part to forge irregularly or the gripper to 
become stuck in the forging resulting in a destroyed gripper. 
Because of this issue, the robot must drop the part off on the die and then 
find the part after the upset operation and transfer it to the next station if there is 
one.  This is an inefficiency that can be improved. 
This inefficiency has not been a problem for forging operations that are 
upgrading to an automated line for the first time.  When these forge companies 
first upgrade to an automated line they will realize the initial benefits to increased 
production and process capability. It is the forge companies that have already 
automated their forge process and want to stay ahead of the competition that will 
try to see further gains in their automated process. 
The time in between forging parts needs to be optimized so that the part 
has enough time to be heated to the proper temperature and the forge equipment 
can perform the process without any time wasted on the transferring of parts.  
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There will be a need for time to move the parts around the process. That is why 
reducing this time is a very crucial way to increase productivity and still create a 
high quality forging. 
1.2 APPLICATION 
 
A typical upset forging cycle that has been teamed up with a robot and 
gripper will be shown in the next couple of figures.  This is what is considered 
“current state.”   
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Figure 1: Billet Staged onto Flat Dies 
Hydraulic Press with a set of 
open dies and a set of closed 
dies installed. 
Billet 
Robot 
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Figure 2: Robot Removed from Die Space during Forging Cycle 
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Figure 3: Transfer Upset Billet to Finish Operation 
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Figure 4:  Stage Upset Billet in Finish Die and Remove Robot from Workspace 
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Figure 5:  Top View of the Four Steps of “Current State” 
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In order to eliminate the issues current grippers face with holding onto the 
billet during a forging operation, the design of the control method that actuates 
the gripper needs to be changed.  The new control method will allow the gripper 
to control the position of the billet during the forging operations by maintaining a 
hold onto the billet during the entire forge process.  Issues with the gripper 
causing damage to the billet by not being able to react to the expanding diameter 
of the billet during the forging process will also be eliminated by the controller’s 
ability to react to the changing diameter and maintain a constant force on the 
outside of the billet.  
There are several different methods that can be used for gripper control 
for this application; this thesis will use sliding mode control theory.  The sliding 
mode controller will be used to regulate the position of the billet and the 
impedance of the gripper mechanism that moves the gripper.  Impedance control 
will be used in a similar fashion that was utilized in [11].  The impedance in this 
thesis is the relationship between the forces that the gripper experiences through 
the forging operation and the velocity of the grippers.   By controlling the 
impedance, the force that the gripper imposes onto the outside of the billet can 
be regulated and the gripper will be able to expand with the billet. 
The sliding mode controlled gripper will bring forging technology into the 
21st century and will increase the production rates. Other ways of optimizing 
automated lines just make the robot’s motion faster or distance shorter, but the 
robot still has to remove the gripper from the die space and then locate the part 
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again after the operation. By using a Sliding Mode Controller on the robotic 
manipulator, the forge will be able to remove entire steps of motion that that robot 
would have to go through.  The travel of the robot out of the forge cell and back 
in before and after the upset operation would be eliminated.  The removal of this 
travel will reduce the wear on the robot by reducing the number of cycles of 
traveling into and out of the die space for each part.  This reduction in motion will 
also increase production rates and reduce variability in the process, which may 
cause scrap.  Both of these lead to an increase in throughput. 
 The “future state” of the same forging process that was displayed in 
previous figures is displayed by the next figures.  They show the robot being able 
to hold onto the billet during the forging cycle.  This allows the robot to stay in the 
die space and not have to remove itself from the die space.  The new gripper 
control design will allow for the “future state” to be possible and is the focus of 
the paper.   
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Figure 6: Billet Staged onto Flat Dies 
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Figure 7: Gripper Holding onto Billet during Open Die Forging Operation 
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Figure 8: Transfer Upset Billet to Finish Operation 
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Figure 9:  Stage Upset Billet in Finish Die and Remove Robot from Workspace 
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Figure 10:  Top View of the Four Steps of “Future State” 
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1.3 SCOPE OF THESIS 
 
The purpose of this thesis is to develop a controller that will allow a gripper 
to maintain control of a billet throughout an open die forging process.  A Model of 
the forging process and the gripper will be established and used to create a 
sliding mode controller.  This type of controller is used due to its ability to 
withstand large disturbances, and the forging process will be treated as a large 
disturbance.  
First, a sliding mode controller is developed to control the center position 
of the billet.  This is then used as a baseline to develop a controller that controls 
the center position of the billet and motors that apply force to the outside of the 
billet.  A simulation of the process is created and used to design an initial 
controller to be implemented in a real mock forging trial.  The actual results are 
then compared to the simulation to validate the controller’s effectiveness. 
The breakdown of the thesis is as follows:  Chapter 2 explains forging to the 
extent of basic terminology and principles that are necessary for the 
understanding of the reason this technology is essential to be developed.  
Several sections are used to discuss the difference between open and closed- 
die forging and some of the equipment and current automation processes are 
explained. 
Chapter 3 will discuss current methods of implementing controls into 
forging automation and various other ways sliding mode controllers have been 
used.  There will be discussion on impedance control, position control, and the 
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different methods by which these controls are established whether by a PID or 
sliding mode controller.  
Chapter 4 then opens the development of the sliding mode control theory.  
The basic concepts behind sliding mode control are established and then 
expanded upon and applied to the mathematical model of the gripper system that 
is also formed in chapter 4. 
The development of the simulation and the implementation into the mock 
system will compose chapter 5.  Chapter 5 will be broken down into two main 
sections.  The first is the position control section and the second is the position 
and impedance control section. 
This will then lead into chapter 6 which will show the results.  Several 
conclusions about the effectiveness of the controller will be drawn.  Also, 
possible future work will be suggested for improvement of the gripper control 
design. Possible improvements will be suggested to make the gripper controller 
and gripper able to be built for the industrial application in a real factory setting.  
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CHAPTER II 
 
FORGING 
 
The focus of this thesis is to control a manipulator/gripper during an open-
die forging process.  This is important because the forging process encounters 
temperatures of the billet around 2200°F and forces up to 100,000,000lbf (50,000 
ton hydraulic press at Alcoa in Cleveland, Ohio)[8].  Impact velocities can range 
from 25 feet per second on hammers to 1 foot per minute for hydraulic presses.  
These extreme conditions, in which forgings are created, make gripper and 
gripper control design very difficult.   In order to increase throughput, a major 
improvement in gripper control method is needed.  A short summary of forging 
and the specific forging process that is the focus of the paper will be described 
next.  
2.1 FORGING 
 
Forging is the process of shaping metal.  According to the Forging 
Industry Association (FIA), metal forming is usually performed at elevated 
temperatures and is done through a hammering, pressing, or rolling action 
between two dies (6).  The equipment uses very large forces in order to move the 
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metal into the shapes desired.  Forging is a preferred method of manufacturing 
for many parts that require high strength in specific directions.  This is 
accomplished through the design of the die and the forging process, which forces 
the grain flow of the material to be normal to the direction of loading.  This gives 
stronger properties for the part compared to a component machined out of block 
that has the grain flow only in one direction.  An additional advantage is reduction 
in machining compared to using raw bar or plate. Near-net forging is the forging 
of parts so close to the final desired shape that they do not require machining 
before they are put into service. 
There are two main types of forging: closed-die and open-die. There are 
many variations of each type but all of the different methods of forging can be 
condensed into these main groups.  The difference between the two is that in an 
open die forging the dies do not close all the way around the part and in closed-
die forging the die will enclose the part fully.  The main difference is that open-die 
forging uses dies with very little detail in the impressions to move the metal into 
basic shapes.  
2.1.1 CLOSED-DIE FORGING 
 
Closed-die forging moves the metal much more aggressively into more 
intricate details.  To do this, the closed dies have a negative impression of the 
forging machined into them.  Surrounding the impression is a raised pad that 
creates a gate for excess material to flow out.  The gate is called a flash land.  
The excess material is called flash.  Flash is used to create cavity pressure in a 
die.  The cavity pressure moves the metal into more intricate details. 
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Material cannot flow through thin sections very fast due to the rapid 
cooling of the material, increased flow stress and increased strain rate.  This 
rapid cooling is due to the increase in surface area in contact with the die relative 
to the smaller volume of the material that is flowing into the flash.  The cooled 
material cannot flow as easily because it is starting to solidify and the flow stress 
of the material has increased.  These factors in the flash create back pressure 
and prevent more material from flowing out of the die.  This back pressure is 
called cavity pressure and helps the material to flow to parts of the die that are 
initially too hard for the material to fill.  The material wants to flow to the path of 
least resistance and it is now easier to flow to the intricate parts of the die than 
flow out of the die through the land.  The need for the land to create back 
pressure closes the part off from the outside, making it impossible to grip onto 
the part while the forging process is being done.   
Figure 11 shows a cross section view of a closed-die forging process. It is 
the same die and billet in each of the three pictures; they are just in different 
stages.  The first picture on the left shows the billets placed on the bottom die in 
the die cavity.  The second image shows the die set closing and the billet being 
formed into the shape of the cavity.  The corners of the cavity are not filling at this 
time because it is easier for the material to flow out of the side of the die at this 
step.  The last picture that is on the far right shows that the flash has formed on 
the outside of the part.  This flash cooled and created cavity pressure that forced 
the material to fill the corners of the impression. 
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Figure 11: Closed Die Forging (6) 
 
Figure 12 shows a close up view of the creation of flash and the voids in 
the die that are typically hard to fill.  The diagram also shows that the material 
inside of the cavity is still hot while the material outside the cavity has cooled due 
to contact with the cooler die.  Also shown in figure 2 are the different strain 
rates.  There are two ratios that are being shown for the two areas of drastically 
different strain rates. The strain rate of the material being forged is calculated by 
dividing the velocity of the die set that is closing in the forge operation by the 
relative height of the material in contact with the die set.  V is the velocity of the 
die throughout the forging process and h1 and h2 are the heights of the material 
being forged by the die.   
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Figure 12: Flash Land Diagram (6) 
 
 
2.1.2 OPEN DIE FORGING 
 
Open-die forging is used very often to create pre-forms for closed die 
forging.  The open die forging process will gather the correct volumes of material 
in the right places so that the material is not over-worked in the closed die forging 
process.  This would lead to folds in the surface of the forging, excessive wear in 
the dies, and possibly areas of the part that do not become defined due to the 
lack of material in an area or the lack of pressure created by the closed die.  The 
part would then have to be formed by another closed die.  The open die forging 
reduces these issues and prevents another costly closed die from having to be 
used.   
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Figure 13 shows a cross section view of an upset operation.  This is a 
typical open die operation where two flat dies are used to reduce the height and 
increase the diameter of a billet.  The picture on the left shows the billet just 
before deformation has started.  The picture on the right shows the billet during 
the upset operation.  In the picture on the right, the effects of friction between the 
surface of the dies and the billet.  The material in contact with the die has not 
flowed out as much as the material in the middle of the billet.  The land of a 
closed die has the same effect on flash in the reduction of flow. 
 
Figure 13: Open Die Forging (6) 
 
2.2 FORGING EQUIPMENT 
 
 A brief overview of forging equipment is necessary in order to explain how 
the forces and energy are created and transfered into the billet to create a forged 
shape. To properly describe forging equipment, the equipment must be sorted 
into classes based on the equipment’s design constraints.  There are three main 
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groups of forging equipment: load-restricted, stroke-restricted, and energy-
restricted [8].  There are other considerations in forge equipment design like 
speed of the ram and the number of strokes per minutes at which the equipment 
can operate [8].  These are important characteristics that will define the size of 
the part that can be forged on the equipment.  The less force available and 
slower the equipment travels the smaller part that can be forged due to the 
increased contact time.  As described in the section on closed die forging, the 
longer the part is in contact with the die the more the temperature of the billet will 
decrease.  With the decrease in temperature, the flow stress of the material of 
the billet will increase and this will require a higher force to forge [6].  Each of 
these will be discussed as it pertains to each individual machine. 
2.2.1 LOAD-RESTRICTED 
 
 The equipment that is in this category is restricted by the amount of force 
that can be transferred from the energy source to the forging.  The main piece of 
equipment that is defined by this constraint is the hydraulic press [8].  Hydraulic 
presses are comprised of a ram that is driven by a hydraulic cylinder which is 
powered by a pump and motor.  The amount of force is governed by the size of 
the main cylinder that drives the ram.  Also the operating pressure inside the ram 
determines the force available to deform the billet. The larger the cylinder and 
ram, and the higher the pressure will increase the force available for forging.  The 
speed at which the ram travels is dependent upon the flow rate of the pumps and 
the relative volume of the cylinder.  The higher the flow rate of the pump, the 
faster the ram will travel.   
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When the press is engaged with the billet, the force is transferred to the 
part by squeezing the billet between the dies that are trapped between the ram 
and the base of the press.  The base is connected to the frame of the press and 
the crown of the press which supports the ram and cylinder.  The reaction forces 
are transferred through the frame.  This is how the force is transferred to the part 
from the cylinder. Figure 14 shows a typical hydraulic press.   
 
Figure 14: Erie Hydraulic Press [14] 
Hydraulic press ram speed is the slowest of all of the forge equipment, 
with speeds around 2 inches per second [8].  This means that hydraulic presses 
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have a longer die contact time with the billet than any other equipment.  A part 
forged on a faster piece of equipment will generally need less force to forge the 
part than what is required on a hydraulic press.  The throughput of a hydraulic 
press is generally lower compared to other pieces of equipments of comparable 
size due to the slow ram speed and the often longer travel.  This creates a low 
stroke per minute compared to forging equipment that will be discussed.  
Because of their characteristically low speed and high forces, hydraulic 
presses are typically used for open die forging.  Hydraulic presses can be used 
for closed die forging as well when the forging is properly sized for the 
equipment.  When this is done an open die operation is generally teamed up with 
the closed die.  This is the arrangement that is perfect for the application of the 
gripper control that is the topic of this paper. 
2.2.2 STROKE RESTRICTED EQUIPMENT 
 
 Stroke restricted equipment has two characteristics that have to be 
considered in the design of their use.  The first is that the length of the stroke is 
fixed based on the design of the equipment [8].  Second is that the available 
force is different relative to the position of the ram in the stroke [8].  Mechanical 
presses are designed with these limitations [8].  The basic construction of a 
mechanical press is shown in the illustration in Figure 15.  There is a motor that 
drives a flywheel.  The flywheel stores energy that will be used to drive the bull 
gear and clutch assembly.  When the clutch engages, the crankshaft or eccentric 
shaft rotates and the ram acts like a piston in a car engine and is driven down 
and up.   
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Figure 15: Ajax Mechanical Press [12] 
 Like the hydraulic press, the force to forge in a mechanical press is 
transferred to the frame of the press.  The billet is squeezed into shape in 
between the ram and the base.  But unlike the hydraulic press the ram speed is 
much faster, around 30 inches per second [9].  This means that there is a lot less 
contact time with the billet compared to hydraulic presses.  With less contact time 
the tonnage required to forge a part is less than that needed on a hydraulic 
press.  Also the less time the die is in contact with the part the less wear the die 
will incur.  This is because there is less heat transfer between the billet and the 
die which contributes to die wear.  Also the average strokes per minute for a 
mechanical press is about 30 [8].  This is for a 1600 ton mechanical press.  The 
larger tonnage presses have slightly slower ram speeds; also the number of 
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strokes per minute is less compared to the smaller presses.  The reduced 
strokes per minute are due to the longer amount of time it takes a larger press to 
recuperate to full energy [8]. 
 Mechanical presses are the most common forging equipment used for 
closed-die forging, along with hammers in the United States [8].  Multiple dies are 
commonly used in the die cavity of a mechanical press in a similar fashion of a 
hydraulic press.  The same method of forging used on hydraulic presses is used 
on mechanical presses with an open die used to create a pre-form for the closed 
die forging process. Mechanical presses, with their speed and ease of use, are 
perfect for automation.  This is another set up that is great for the application of 
the gripper control designed in this thesis. 
2.2.3 ENERGY RESTRICTED EQUIPMENT 
 
 The next group of equipment has one thing in common: a set amount of 
energy available for each stroke of the machine.  This is not stating that the 
previous pieces of machinery described had unlimited amounts of energy.  They 
were all coupled to an energy source that was constantly delivering power to the 
ram but limited within the capability of the motor output.  The energy-restricted 
equipment is decoupled from the energy source during the forging process and 
can only deform a billet until the energy in the ram is used up.   
This is different from mechanical presses that will drive through the bottom 
dead center of the stroke and return to the top no matter what is in the way.  If 
the part requires too much tonnage for the mechanical press to do this the clutch 
has a slip disk that will slip to prevent components from breaking [8]. 
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Hydraulic presses have pressure relief values and limits on the output of 
the pumps that will prevent the equipment from breaking the machinery if 
presented with too large of a part.  If the press does not exceed these limits the 
ram will continue to move down and deform what is in its way until the cylinder 
runs out of the stroke.   
This is not the case for hammers and screw presses.   Once the ram is in 
motion the amount of energy it has is the amount of energy that the ram will have 
to deform the billet.  The hammer converts the potential energy of the ram in the 
air to kinetic energy of the ram moving.  This kinetic energy is then converted in 
to deformation of the billet, heat, sound, and deflection of the base.  Once all of 
the kinetic energy is converted the ram no longer travels downward.  This does 
not mean that the part is complete in the forging process.  The ram can be raised 
up again and released to delivery another blow to the part.  By doing this multiple 
times that billet is formed into the shape of the impression that is in the dies.   
In order to prevent hammers from forging the parts too small the dies 
designed in hammers must have striking surface.  The striking surface is used to 
absorb the energy that is not needed in the final blows delivered to the part.  The 
added surface area makes the dies larger than those used on mechanical and 
hydraulic presses.  The added size also prevents the hammer from smashing the 
dies into the ram and base.  Mechanical and hydraulic presses do not need the 
striking surface that a hammer needs because the part is squeezed between the 
dies.  Also the presses come down to a fixed height. Figure 16 shows a simple 
diagram of a hammer. 
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Figure 16: Ajax-Ceco Chambersburg Power Drop Hammer [13] 
There are many styles of hammers.  The difference between them is 
whether the ram is powered on the way down or not.  Hammers that are not 
powered on the way down only derive their energy from the potential energy the 
mass of the ram raised to some height before dropping onto the billet.  These are 
called drop hammers and there are many variations to them.  What varies is the 
method of returning the ram to the top position.  The ways that the rams are 
raised are with boards, chains, belts, and air.   
Air hammers lead right into the next type of hammer, the powered 
hammer.  Powered hammers have the ram connected to a piston that is operated 
by air, steam, or hydraulics.  The hammer is forced downward by the steam, air 
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or hydraulics as well as gravity acting the ram.  This increases the amount of 
energy available that can be used during the forging operation.  The powered 
hammers are powered on the return of the ram to the top position.  This 
increases the throughput of the hammers.  The average speed of a powered 
hammer is 240 inches per minute [9]. The hammers can stroke about 40 to 50 
blows per minute. Even though the number of strokes per minute is much greater 
than the mechanical and hydraulic presses the throughput of forging is about the 
same rate as the presses.  This is due to the fact that the forging created in a 
hammer will need multiple blows in the same die in order to create and finished 
part.  Presses are designed to create a finish forging every stroke that they make 
with a part in the final closed die.  
Screw presses are the similar to hammers in that they have a limited 
amount the energy, but that is where the similarities stop.  The screw press ram 
in connected to a large screw that is connected to a motor on top of the frame.  
When the ram hits the base the screw is driven up into the motor which pulls up 
on and stretches the frame.  This is a similar transfer of energy to the frame as a 
hydraulic press or mechanical press.  The difference between the screw press 
and the other presses is that the motor disengages from the screw that is driving 
the ram down before contact with the billet and base.  This decouples the ram 
from the energy source and limits the energy available to the amount that the 
motor  has already delivered to the ram.  Screw presses have a typical ram 
speed of 30 inches per minute and a stroke rate of 30 strokes per minute, 
relatively the same as a mechanical press.  
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 The screw press frame is designed similar to the mechanical press.  This 
coupled with the speed of the ram and the way the presses are typically used 
makes it a good candidate for the gripper control design implementation in the 
same way it would be on a mechanical press.  Hammers, with the repetitive hits 
at a very high speed, and the use of closed-die almost exclusively makes it a 
poor candidate for the gripper controller. 
2.3 GRIPPER APPLICATION 
 
The gripper can be of use in the processes that require an open- and 
closed-die operation simultaneously or any other application in which open-die 
forging is done in large quantities.  The set up shown in Figures 6, 7, 8, 9, and 10 
shows a perfect example of an open to closed die application. The gripper will 
provide a benefit by being able to hold onto the billet starting at the time it is 
picked up from the heating unit, through the open die forging process, and then 
release it in to the closed die in the proper location.  This is normally done by 
picking the billet up from the heating unit and dropping it off on the open die.  
Then the billet is retrieved from the open-die by the gripper after the open-die 
forging process again and moved to the closed die forging process.  The 
reduction in time to move the robot in and out of the forging press twice and the 
time to find the billet after the open die forging process will increase the 
production speeds dramatically.  
There are automated forging lines.  These are usually high speed 
mechanical press lines in which a “walking beam” is used to carry the part from 
station to station as shown in Figure 17.  The parts that are made from this type 
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of setup are normally long axel or crank shaft like parts.  Also these parts go 
through multiple closed die operations. These are ran hundreds of thousands at 
a time.  
 
Figure 17: Dreher Automation “walking beam” Forging Transfer System [15] 
The gripper design focused on in this paper is not for those types of parts.  
High speed part(s) that require a simple upset forging operation for the open-die 
station and then positioned into a closed-die is a perfect arrangement.  This is a 
process that is very common in the creation of forged gears, hubs and shafts and 
is typically ran on mechanical or hydraulic presses. 
There has been very little published research into designing a gripper 
specifically in a forging operation that utilizes a controller to maintain the forging 
position and responds to the changing shape of the part during the forge 
operation by controlling the force.  This does not mean that controlling a forging 
gripper has not been explored.  It has been limited to controlling the robotic 
position and the position of the billet during open die forging.  In [1], a forging 
manipulator is controlling the position of a very large work piece in an open die 
application.  The work piece is a large billet that is being converted into a 
different diameter through cogging or drawn to a different length by the same 
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method. It is not creating a pre-form that will immediately go into a closed die 
forging process. The system uses a PID control method. The gripper in [1] also 
applies a constant force to the outside surface of the billet but is not holding an 
area of the billet that is being actively deformed by the forging equipment [1].  
The gripper being developed in this thesis using sliding mode control technique 
will apply a impedance control to maintain contact with the outside of the billet 
and will hold onto the area of the billet that is being deformed during the forging 
process.  This is a main difference between [1] and the new gripper design.  
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CHAPTER III 
 
CONTROL DESIGN 
 
A control system is a device or set of devices to manage, command, direct 
or regulate the behavior of other device(s) or system(s) [10].  The control system 
designed for this paper has two objectives.  First is to regulate the center position 
of the billet.  At the same time, the controller will apply a steady amount of 
pressure on the outside of the billet.  By regulating the amount of pressure on the 
outside of the billet, the gripper will be able to expand with the changing diameter 
of the billet during the forging operation.  In order to perform the tasks, a hybrid 
impedance sliding mode control system will be developed.  To be able to apply a 
force to the outside of the billet, the impedance of the system will be regulated.  
The center position of the billet will be maintained by monitoring the difference in 
the position of the grippers.  A relationship between the grippers’ positions and 
the center of the billet will be developed and regulated.  Chapter 3 will give a brief 
summary of impedance and sliding mode control systems and how they have 
been implemented in related systems. 
36 
 
 
 
3.1 IMPEDANCE CONTROL 
 
 The way the force will be regulated is through impedance control.  This is 
a very popular way to control force and there are many variations that can be 
used to implement impedance control.  One common way to use impedance 
control is described in a paper written by Haifa Mehdi and Olfa Boubaker called: 
Rehabilitation of a Human Arm Supported by a Robotic Manipulator: 
A Position/Force Cooperative Control [5].  They first set up the dynamics of the 
system that they were creating and then solved for the equations of motion.  The 
system dynamics and equations of motion for this thesis were solved for in the 
same as was done in [5].  Once their system was mathematically defined they 
set up a controller that had variables that defined the type of impedance control 
they wanted to have.  It had stiffness, damping, and inertia coefficient that could 
be changed in order to change the type of response that was given by the 
controller.  By changing, monitoring the outcome, and optimizing the gains they 
were able to get the correct reaction necessary for their desired goals.  To better 
describe impedance control a few derivations will be shown. 
A simple plant is first defined where V is the voltage sent to the motor and F is 
the force acting on the system: 
                                                              (1) 
Next a desired impedance of the system is defined: 
                                                              (2) 
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         are the desired inertia, damping and stiffness of the system. Next 
equations 1 and 2 are rearranged to solve for   . 
    
 
 
                                                          (3) 
    
 
 
                                                              (4) 
Equation 3 is then substituted into equation 4. 
 
 
 
                
 
 
                                           (5) 
Equation 5 is rearranged and solved for V which is the control voltage that is 
needed in order to make the system react as desired. 
  
 
  
          
 
 
                                            (5) 
The system now is dependent on           .  This equation can be used as the 
control law for the impedance control system that is being developed. 
 Hybrid position and force control has been applied directly to robots in a 
paper titled Robust Impedance Control of Robotic Manipulators [11].  This thesis 
follows very closely to the same method that is used in Robust Impedance 
Control of Robotic Manipulators [11].  The focus of the [11] is to control the 
position of the robot while controlling the impedance of the motors for each axis 
of movement.  The robot has to move the apparatus attached to the end of the 
robot and maintain the parameters set for it.  This thesis is focused on just 
controlling the apparatus, which would be mounted to the end of the robot.  The 
gripper will see a greater disturbance and need to have a much different set of 
parameters to guide it, compare to what was applied to the robot. The 
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derivations, shown in [11] for impedance control using a dynamic variable, are 
displayed next to help better show the methods used in this thesis. 
Same as in impedance control the plant is first defined. 
                                                              (1) 
 
Next a desired impedance of the system is defined with the desired inertia, 
damping, and stiffness           
                                                              (2) 
Now is when the major difference between impedance control and the  
impedance control that is used during position and impedance regulation appear. 
A dynamic variable is defined. 
                                                        (3) 
Next the sliding variable is defined. 
                                                        (4) 
                                                              (5) 
The sliding mode desired results are achieved when                      
Set equations 4 and 5 equal to zero and solve for             
                                                         (6) 
                                                            (7) 
Solve equation 6 for   and substitute into equation 3. 
  
           
  
                                              (8) 
     
           
  
                                              (9) 
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Substitute equation 9 into equation 7 and rearrange terms to get the final 
equation that describes the relationship of the motion of the system in terms of 
the sliding mode variable and the external force.  Equation 48 can now be 
combined with the plant to complete the addition of hybrid impedance control on 
a plant.  The complete derivations specific to this thesis are shown in chapter 5. 
                                                        (48) 
Gripper control, more specifically force-feedback gripper control, has been 
researched and implemented on many systems, but few in a forging application.  
In the previous chapter a system for holding a very large billet during an open-die 
forging operation was discussed that had some force-feedback capabilities 
developed in its design [1].  The manipulator in [1] has the ability to adjust the 
position and force applied to the large billet through a PID control method.  Due 
to the slow speed and the fact that the manipulator did not hold onto the part of 
the billet that was actively being deformed in [1], a PID control method was 
successful.  Sliding mode control technique is necessary for the control method 
in this thesis due to the fact that the gripper is holding onto the part of the billet 
that is actively being deformed and at a much faster rate than in [1].  These two 
factors make a robust control system that can withstand very large disturbances 
essential. 
The control system developed in this paper does not use true force-
feedback control because the force is not measured directly on the outside of the 
billet that is being applied by the gripper.  A dynamic variable is used to relate the 
force of the billet expansion to the position of the grippers. This position is then 
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used to calculate a voltage that is sent to the motors to make the system react 
with certain impedance. This research is still useful for showing how to design 
and simulate force-feedback/impedance regulating sliding mode controllers.  
 
3.2 SLIDING MODE THEORY 
 
Sliding mode theory is a type of variable structure system [4]. This means 
that the control system switches between multiple structures to drive the desired 
outcome.  The controller can switch between structures based on the value of the 
current state [4].  The switching mechanism is programmed into the logic of the 
controller.  A sign function or a saturation function can be used as the switching 
mechanism.  The controller will switch structures in order to drive the motion of 
the system to follow the path of a switching line or surface.   This motion is called 
sliding and gives the controller its name [4].  The main goal of the system is to 
drive the motion of the system to the switching line or surface and then drive it to 
zero.  Once the system reaches zero the system has achieved the desired 
output. Systems and Controls by Stanislaw H. Zak has a chapter that describes 
the beginnings of sliding mode theory and expands how to design a controller 
based on sliding modes [4].  The signal sent to the plant of the control system is 
based on the value of the system and the switching of the structures based on 
the sliding function’s value.  To further illustrate, a sample controller will be 
derived. 
A simple closed loop function in state space is defined: 
                                                            (1) 
Then the sliding function is determined: 
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                                                               (2) 
                                                             (3) 
The equation is rearranged to solve for u and add the switching function: 
                         
 
 
                                  (4) 
This is the control systems reaction to the state’s current value to drive the 
system to zero.  The saturation function is the mechanism in which the system 
switches structure.  This is a basic closed loop system that is used as a 
regulator.   is the control effort that is converted into the source of energy that 
drives the physical system. 
Another style of sliding mode control that is used in this paper is a tracking 
controller.  This system does not use state space, instead it creates an error 
variable that is regulated to a value by using sliding mode control. 
First start with a simple equation of the system that needs to be controlled: 
                                                     (5) 
Next define the error variable: 
                                                     (6) 
Then define the sliding function using this error variable: 
                                                         (7) 
                
 
 
                                          (8) 
Then substitute in        and solve for   : 
                   
 
 
                                        (9) 
Substitute this into the initial equation and solve for   . 
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                                        (10) 
In defining the sliding function the “sat” function was used.  This is the 
switching mechanism that is used to drive the sliding variable s to the desired 
value.  In theory the discontinuous “sgn” function is used, but this is a very 
aggressive switching function that has a tendency to create chatter.  Chatter is 
where the system reacts too aggressively which actually creates an unwanted 
physical vibration in the system.  The “sat” function has dynamics that help 
prevent this from happening. 
Sliding Mode Control design is discussed thoroughly in Majid Reza Naseh 
and Mohammad Haeri’s paper titled Robust Synchronization of Chaotic Systems 
Using Active Sliding Mode Control with Minimum Control Effort [2].  This paper 
focuses on a system that has many uncertainties and that causes issues for most 
types of controllers.   The open die forging operation can be modeled as a 
system that has one very large uncertain disturbance.  As described in the paper 
once the systems control parameters are specified the control system can be 
optimized to use minimum amount of effort [2]. The author will try to optimize the 
design of the controller to have the reaction time appropriate for the speed of the 
forging operation and use the least amount of control voltage at the same time.  
The paper [2] describes designing an algorithm that will be used to design the 
control parameters and meet every constraint.  The author of this paper did not 
use an algorithm to do this but did optimize the amount of effort needed by trial 
and error from running multiple tests and adjusting the plant parameter to speed 
up the response and lower the control voltage. 
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It has been decided that dc motors will be the best way to operate the 
gripper.  Controlling dc motors with sliding modes has been done numerous 
times and optimized. Because the positions of two dc motors are trying to be 
controlled in this paper’s experiment, the paper Control of DC Electric Motor 
written by Nguen Huang Hyng and V.A. Utkin was reference by the author [3].  
This paper explains how to control dc motors when their physical systems are not 
fully understood and how to make the sliding mode controller compensate for the 
uncertainties in the system [3].  [3]’s controller is far more advanced than is 
necessary for the system described in this thesis, because the system for this 
experiment is fully defined except for the disturbance which will be handled as a 
disturbance, not a system characteristic.  What [3] did lend to the author is the 
importance of the switching in the plant of the controller and how that this can 
greatly affect the type of response to a disturbance.  This is how Utkin dealt with 
the uncertainties and disturbances in his system the best by adjusting how fast 
the switching happened.  Utkin also built in an observer plant into his system 
which helps the controller describe the physical system and react to it (3).  An 
observer was not necessary for the control system design in this paper because 
the variable   was measured directly from the encoder on the motors. 
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CHAPTER IV 
DESIGN, BUILD, AND TEST OF POSITION CONTROLLED 
GRIPPER 
In order to effectively simulate the forging process a one ton pneumatic 
press was setup with a mocked up gripper so that multiple variables could be 
measured during the forging trials.  In order to simulate the expansion of the 
diameter of a billet during a pancake operation a polyurethane ball was 
compressed by the press.  The ball will be used for as a proof of concept for the 
controller because of its ability to return back to original size and shape so that 
many trials could be performed without requiring a lot of material being plastically 
deformed.  The position and velocity of the grippers were monitored and the 
position and the impedance were controlled.  To control the system a Matlab 
Simulink files was created and teamed up with real time data acquisition and 
control interface. To provide a data collection bus an I/O board from National 
Instruments was used.  The position and velocity were used as inputs into the 
controller built in Matlab and then output voltages were sent through amplifiers to 
the DC motors to react to the changing environment.   
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This system provided a very realistic model for what actually happens during an 
open die forging process. 
The rest of the thesis will go into to detail about all of the systems’ details 
and the parameters that were used and why.  The data that was collected will be 
presented and how it was used to define the controller will be described. Then, 
the results of the design and how the controller worked in regulating the position 
and the force on the forge material will be discussed.  Lastly, a brief discussion 
on what could be done to make the controller design better will be presented. 
4.1 EVALUATION OF POSITION CONTROL MODE 
 
A developmental experiment was created first to see the viability of 
position control during a forging operation.  The system is being measured 
against its ability to successfully maintain a relatively constant pressure and 
center line position while encountering the changing diameter of a polyurethane 
ball under the compressive force of a one ton pneumatic press.  A polyurethane 
ball was used because its stiffness is similar to metal at hot forging temperature.  
Also, the ball returns back to its original shape after being deformed by the press.  
This return will help display how the gripper maintains contact with the outside 
surface through the entire forge cycle.   
The sliding variable, “s”, was monitored to see if it could be driven to zero 
within .5 seconds of the initial contact with the ball. The position of the centerline 
of the ball was also measured and was not changed more than 10%.  The 
regulation of the forces on the outside of the ball was not monitored for this first 
part of the experiment.  The force on the outside of the ball will be monitored for 
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the second part of the experiment. The condition that deems the position control 
element of the project successful is that the grippers will not lose contact with the 
side of the ball throughout the forge process, at the same time will not be so 
strong that the grippers cannot react to the changing diameter of the ball.  These 
stipulations of success were developed after watching a forging process that had 
a pick and place robotic manipulator in place and determining how critical each 
feature of the control was.  Also, the experience of the author in the forge 
industry helped defined these parameters. 
4.2 DESIGN 
In order to design the controller for the system a mathematical model of 
the gripper, DC motors, press, and working material was created which is shown 
below; 
      
 
 
        –  
  
 
                                        (1) 
This is the same simplified equation used for a DC motor system where: 
   = Acceleration of the motor’s armature 
   = Time Constant 
ω  = Velocity of the motor’s armature 
   = Voltage Constant of the motor 
   = Input voltage of the motor 
    = Load Torque 
   = Motor’s inertia 
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The Torque variable and the voltage variable are constants that are 
calculated by the parameter of the motor. The equations for each variable are as 
follows: 
   
   
       
                                              (2) 
    
 
   
                                                  (3) 
    = Inductance coefficient 
    = Resistance coefficient 
    = Damping coefficient 
   = Torque Constant 
The force that the motors will have to react to originates from the press 
compressing the ball and causing the diameter of the ball to expand due to the 
conservation of mass and volume principles.  The TL terms take this force into 
account: 
                                                       (4)   
   = Inertia of the ball screw  
   = torque created by external forces that act onto the gripper. 
Since the forces acting on the gripper have to travel through the ball screw 
in order to act on the motor another equation is derived for how those forces are 
transferred.  Equation 5 was developed by THK [16] the company that 
manufactured the linear slides that were used in this thesis. 
    
  
   
 [16]                                           (5) 
   = The forces acting on the gripper 
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   = Pitch of the ball screw 
   = The efficiency of the ball screw 
The forces acting on the ball screw are made of three components: 
                                                      (6) 
   = mass of gripper assembly 
    = acceleration of the gripper assembly 
   = force of the expanding working material 
   = the frictional force working in opposite direction of the velocity of the 
gripper 
   = force of the press being exerted onto the working material 
 
  is the force that is applied to only one of the grippers.  The total output 
force from the billet expansion onto the entire gripper system is   .      does not 
equal   , due to loss in friction and deformation of the billet. These forces can be 
seen more clearly in the free-body diagram in Figures 18 and 19.   
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Figure 18: Free Body Diagram of Press and Gripper 
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Figure 19: Free Body Diagram of Gripper
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Figure 20: Coordinate System Definition 
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 Figure 21 shows how the center of the axis of the billet/ball will be defined.  
The grippers will be monitored to make sure that contact is not lost from the 
outside of the ball. This figure will be used a reference throughout the rest of the 
thesis. 
Once the system has been fully defined and the variables have been 
measured the system has to be transformed into state space.  This 
transformation will decouple the system and make it a set of linear equations that 
can used to solve for the transfer function used as the base of the controller for 
the sliding mode. Below are all of the equations derivations and the state space 
transformation of the set of equations: 
      
 
 
        –  
  
 
                                      (7) 
    
 
  
                                                 (8) 
   
 
  
                                                 (9) 
                                                        (10) 
By substitution and some rearrangement we can transform equation 1 into: 
  
 
  
   
   
   
   
  
   
      
 
   
                           (11) 
Then by substituting in the state space variables from 10 and decoupling 
the equation the A, B, C, D matrices can be determined. For the C and D 
matrices the voltage that is being sent to the motors is the variable that needs to 
be calculated. These matrices are then used in Matlab to describe the physical 
system properties in the Sliding Mode Controller. Below are the state space 
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equations of the system described in equation 10 by using the definitions in 
equation 9. 
 
   
   
      
  
  
                                                  (12) 
      
  
  
                                                  (13) 
The derivations just described are the governing rules for the system and 
the model we have created.  The system dynamics for the position control use 
the state space form, due to the ease of converting the transfer function, which 
was calculated during the system identification test, into a system of equations.   
The system identification test will be described later in the paper. The equations 
are used as a basis for the measurements that were taken and the data that was 
derived from the measurements. In the next section, the specific parameters of 
the physical system are defined and how they were gathered, and then, used will 
be described.  This will lead to the design of the Sliding Mode Controller. 
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4.3 BUILD 
 
The system was built as shown in the picture below: 
 
Figure 21: Picture of Press and Gripper Setup Attached to Computer 
 
Equipment use: 
(2) LM Guide Actuator Model KR46 
(2) Baldor MT-2250-BCYAN DC motors 
(2) Rotary Encoders 
(1) 1 Ton Pneumatic Press 
(1) Kepco Bipolar Operational Power Supply/Amplifier (-5 Volt/Volt) 
(1) Kepco Bipolar operational Power Supply/Amplifier (+30 Volt/Volt) 
(1) Computer with WinCon and Matlab with Simulink installed on it. 
(1) National Instrument M-series Data Acquisition Board
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Figure 22: Block Diagram of Instrumentation Layout 
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Figure 22 shows a simple block diagram depiction of the layout of the 
equipment.  Next, a more detail portrayal of the layout will be described. The 
linear guide actuators were set up on their sides so that the cart that the rides on 
the ball screw was facing the die space.  The grippers were mounted to the cart 
and moved so that they were applying slight pressure to the outside surface of 
the ball in the initial position.  Encoders were attached to the ball screw and were 
calibrated with the amount of linear travel that occurred for every revolution. The 
encoder then relayed this information through the data acquisition device to the 
computer where it was used by Matlab.  Matlab used the position data and 
processed it through a derivative block which output a velocity of the grippers.  
Both of these types of data were used as inputs to the sliding mode controller.  
Once the calculation of the control voltage, which was in response to the position 
and the velocity of the grippers, was determined it was sent back through the 
data acquisition device to the amplifiers and then the signal was sent to the DC 
motors. 
In order to provide the best possible data of the physical system and 
create an accurate Sliding Mode Controller fast, a system identification test was 
run on the gripper assembly.  Figure 23 shows the Simulink file that was used to 
control the signal sent to the gripper system.  The system identification test sent 
a sine wave signal with amplitude of 2 and varying frequencies from 10Hz to one 
Hz over 20 seconds to the system. The velocity of the gripper and the voltage 
sent to motor were recorded. 
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Figure 23:  Matlab Simulink that Sent and Recorded System Identification Signal 
 
Once the data was collected the system identification toolbox in Matlab 
was used to estimate a parametric model of the system to the data.  This model 
yielded the following transfer functions for each of the gripper systems: 
System A 
   
    
         
                                           (14) 
System B 
   
    
         
                                           (15) 
These transfer functions show the relationship between position of the 
gripper and the input voltage of the DC motors while no external forces acted on 
the system.  Equations 14 and 15 were used to create the values for the A, B, C, 
D matrices that were shown in the derivations.  This relationship that the transfer 
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function sets up is the same that is described by the state space equations.  This 
makes it easy to take the transfer functions and create the state space equations 
that describe how the systems position will change when a voltage is applied to 
the motors.  The coefficients of the transfer functions include all of the variables 
that defined in equation 10 of this section. Below are the equations that are 
created from these transfer functions that describe the systems in state space. 
By using equations 11 and 12 from this section and inputting the correct values in 
the matrices the following equations are created. 
System A 
 
   
   
   
  
      
  
  
  
   
 
    
                             (16) 
   
 
 
  
  
  
                                             (17) 
System B 
 
   
   
   
  
      
  
  
  
   
 
    
                             (18) 
   
 
 
  
  
  
                                               (19) 
From equations 16, 17, 18, and 19 the state space matrices can be defined. 
System A 
   
  
      
     
 
    
     
 
 
        
System B 
   
  
      
     
 
    
     
 
 
        
 
In order to create a regulator from equations 16, 17, 18, and 19 using 
sliding mode controls the book Sliding Mode Control: Theory and Applications 
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written by C Edward and S Spurgeon was referenced [7].  Chapter 4 of this book 
provides Matlab code that creates the plant and controller in state space for a 
simple regulator.  After the plant is defined as shown in Figure 8 the system has 
to go through a transformation.  The transformation creates what is called the 
regular form.  This form creates a “reduced-order sliding mode dynamics”.   
                                                              (20) 
                                                             (21) 
Then the switching function is defined: 
                                                               (22) 
                                                             (23) 
Rearrange the equation to solve for u and add the switching function: 
                         
 
 
                                  (24) 
Now the coordinates are changed by the orthogonal matrix Tr: 
                                                           (25) 
Once this form is established the goal is to then create negative poles for 
the closed-loop system so that it is stable.  The following derivations show how 
the poles are placed and the definition of the plant.   Equations 1 thru 4 from 
Chapter 3 are used for the first derivations to set up the sliding function and the 
limiting factors for the sliding variable  . 
                         
 
 
                                  (4) 
This equation is now substituted into equation 1 from chapter 1. 
                                                          (1) 
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                           (26) 
Equation 26 needs to have negative real eigenvalues in order to have 
stable control.  Going through the state space transformation reduces the order 
of the system of equations by one.  This system is a second order set of 
equations, with the reduction from the transformation to regular form, only one 
pole is needed to be placed.  In the Matlab code, located in the appendix, the 
placed pole is defined as DP.  The variable M is defined as the variable that 
actually places the eigenvalues.  The Matlab function that does this is “place”.   
Once the eigenvalues are determined and placed the plant is then developed by 
defining the rest of the coefficients from equation 26. 
Once the matrices were defined in the Matlab code they were 
implemented into the Simulink file that was created to act like a sliding mode 
controller that regulates the position of the gripper.  The Simulink file is shown on 
the next page. 
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Figure 24: Matlab Simulink that Regulates Position 
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4.4 TEST 
The Simulink program was implemented and several tests were run with 
the ball being compressed by the press and the position of the grippers being 
regulated by the controllers.  The controller was designed so that the initial 
position of the grippers was the desired position.  This meant that the regulator 
was driving the gripper back to the initial position during the entire forge cycle. 
The position of the grippers were monitored and plotted out on graphs to show 
how they expanded with the ball’s diameter and then as the ball elastically 
returned back to near its original form the grippers also returned to the original 
position as far as the slightly plastically deformed ball would allow the grippers to 
return. 
 
Figure 25: Position of Gripper A with Respect to Time without Impedance Control 
 
63 
 
 
Figure 26: Position of Gripper B with Respect to Time without Impedance Control 
 
Data was collected for the sliding modes, control voltages, velocities, and 
positions for both grippers.  From this data a reasonable conclusion that it was 
possible to control of the position of a billet during the forging operation was 
made.  Further results will be discussed in Chapter 6 with the rest of the 
conclusions from this thesis. 
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CHAPTER V 
DESIGN, BUILD AND TEST POSITION AND IMPEDANCE 
CONTROLLED GRIPPER 
In this chapter the interfaces used for position control and hybrid 
impedance control are described.   All of the same equipment was used only the 
design of the controller changed.  To control the position, a tracking regulator 
style of sliding mode control was utilized, opposed to the simple regulator style 
used in chapter four. In addition, the force that the gripper imposed on the ball 
was regulated through the use of hybrid impedance control.  These two concepts 
were combined when designing the sliding mode controller so that both 
constraints were employed at the same time while getting feedback from the 
same system.  The same exact system dynamics as defined previously in this 
chapter were used for this controller design.  State space was not incorporated 
due to the method that used in the impedance control design, which will be 
discussed more in this chapter.   
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5.1 DESIGN 
The same equation that defines the system in chapter four is used except 
for the addition of the term for the force that is acting on the grippers from the 
outside of the billet: 
  
 
  
   
   
   
   
  
   
      
 
   
        
 
    
 F                   (1) 
In order to reduce the number of terms in each equation there are a few 
rearrangements and new terms defined.  The new variables 
                      are used as generic variables to make further derivations 
easier to follow.  Equation 2 is the rearrangement of equation 1 by dividing all of 
the coefficients by the coefficients in front of the     term in order to reduce the 
equations further and perform further derivations. 
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Equation 2 can now be written separately for each specific motor/ball 
screw system and in condensed form: 
                                                            (9) 
                                                           (10) 
These two equations will now be the basis for implementing impedance 
control to regulate the force of the grippers on the outside wall of the billet.  They 
will also be used to create a position regulator like the one created previously in 
chapter four.   
The tracking regulator will be defined first.  In order to do that we will need 
to eliminate the force term to make the system resemble the regulator that was 
previously created. This will be done through substitution.  The separate forces 
acting on each gripper,          , are assumed to be equal to each other as a 
result of the way the ball is being modeled. The ball is being treated like a spring 
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and the stiffness of the material is modeled like that of a spring.  When the ball is 
compressed, the expansion force of the changing diameter is modeled as the 
stiffness multiplied by the change in position.  The position used is the position of 
the grippers. This is due to the fact that the actual expansion force from the 
changing diameter of the ball was not measured during the process.  
                                                      (11) 
Solve equation 9 for F. 
  
              
  
                                            (12) 
Substitute equation 12 into equation 10. 
                  
              
  
                             (13) 
Rearrange equation 13 to break out each term. 
               
  
  
    
    
  
    
    
  
                          (14) 
Rearrange equation 14 and put the voltages for each motor in terms of the 
position and velocity of each gripper. 
    
  
        
  
  
        
    
  
                                 (15) 
Equation 15 will be rearranged and two new variables,    and   , will be 
introduced.     is the variable for the center position of the work piece.     is the 
control effort that will be converted in to voltage and used to control one of  the 
motors. The coordinate system is shown in figure 21 within chapter 4. 
                                                        (16) 
                                                        (17) 
After substitution of equation 17 into equation 16: 
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                                                      (18) 
Rearrange and solve equation 18 for the center position of the ball. 
   
     
 
                                                   (19) 
Let    be the control effort for position. 
   
    
  
                                                 (20) 
Substitute equations 19 and 20 into equation 15: 
  
  
  
         
    
  
        
    
  
                           (21) 
This is the equation that defines the center position of the ball relative to 
the control effort sent to the motors. A tracking regulator will be used to maintain 
the center position at the desired location. The next couple of equations will show 
how the tracking regulator is set up by creating an error variable that will be 
regulated to zero. 
                                                        (22) 
   is the error variable and   is the desired condition.   
                                                           (23) 
                                                           (24) 
Now the sliding variable will be introduced and will be used to drive the error to 
zero. 
                                                         (25) 
                                                            (26) 
                                                              (27) 
Solve equation 27 for    . 
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                                                           (28) 
Here is equation 21 rearranged: 
    
 
    
  
    
 
  
  
   
    
  
  
  
  
   
                                      (29) 
Final equation with equation 28 substituted into equation 29 for   : 
  
  
  
                     
 
    
  
    
 
  
  
   
                     (30) 
Equation 30 defines the control effort that will be used to control the center 
position of the ball in terms of the plants’ coefficients and the motion of the center 
position of the ball. 
To solve for the impedance controller the method of subtracting equation 
10 from equation 9 is used to eliminated a few terms and create a new equation.  
First the separate force terms are combined since they are related through the 
expansion of the work piece.  The simple model of a spring constant that was 
described earlier in chapter five will be used.  
                                                             (9) 
                                                           (10) 
                                                         (31) 
                                                        (32) 
K is the coefficient representing the stiffness of the ball. The force is then 
calculated by using the change in position of each gripper arm. The equation can 
now be written separately for each specific motor/ball screw system and in 
condensed form: 
                                                          (33) 
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                                                          (34) 
Subtract equation 34 from equation 33. 
                                                           (35) 
Reintroduce equation 19 and create a new variable for the force developed from 
the center position: 
   
     
 
                                                  (19) 
                                                        (36) 
Substitute equation 19 and 36 into equation 35: 
                             
        
 
                    (37) 
Define the other control variable that will be converted into a voltage and sent to 
a motor in the physical system. 
                                                        (38) 
Substitute equation 38 into equation 37: 
                    
        
 
                              (39) 
Equation 39 defines the system in terms of the center position, the control effort 
to for the motors, and the force exerted on the gripper from the expansion of the 
ball during the forging process.  The impedance of the motors were not 
controlled; the impedance of the motor/gripper system together was controlled.  
This is because a system identification test defined the system parameters for 
the entire setup, not just the motors alone.  Also all equations are set up to 
control the entire system not just the motors.   
To continue the definition of the impedance control, a dynamic variable   
will be defined similar to the way it was described in [11].    The dynamic variable 
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will then be controlled by the sliding variable which will also be defined.  The first 
step in setting up impedance control is to define the desired impedance the same 
way as described in chapter three.  
                                                        (40) 
                                                          (41) 
Solve equation 41 for    : 
                                                         (42) 
Continue to define sliding variables: 
                                                              (43) 
Solve equation 43 for    : 
                                                            (44) 
Substitute equation 40 into equation 44: 
                                                          (45) 
Solve equation 42 for   and then substitute into equation 45: 
  
         
  
                                                (46) 
                          
         
  
                       (47) 
Rearrange equation 47: 
                                                      (48) 
Substitute equation 47 into a rearranged equation 39 for main control 
               
  
 
 
       
 
                                 (49) 
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                                            (50) 
Solve equation 50 for    
                                                    
             
 
       (51) 
Now that both of the control efforts have been solved for we can convert 
them into voltages. As defined in the equations from before, both efforts are 
functions of both voltages.   
                                                          (38) 
   
    
  
                                                    (20) 
A matrix will be set up to make the relationship easier to manage. 
 
  
  
   
    
    
  
  
  
  
  
                                           (52) 
5.2 BUILD 
Once all of the equations have been solved for they can be used to create 
the Simulink file so that the system can be implemented. On the next page is the 
Simulink file for this new controller. 
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Figure 27: Matlab Simulink that Controls Position and Impedance 
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This Simulink file shown in Figure 27 is a collection of subsystems with 
each one having code that is hidden.  This is a control plant representation of 
equations 30 and 51.   There are two main blocks that connect the plant to the 
physical system just like in Figure 4.  The block labeled Encoder Input receives 
the signal from the encoders that are attached to the ball screws and the block 
labeled Analog Output sends the control voltage to the amplifiers which then 
pass it onto the motors.  The Encoder Input block then sends its signal to 
Subsystem 1 which converts the signal into a position, velocity and the center 
position.  The details of Subsystem1 are shown in the next figure.  Another detail 
that needs to be mentioned is a slight difference in the way the force is used 
compared to equation 51.  The force that is used in the Simulink program shown 
in figure 27 is a function of the position of each system independently; not 
combined as in equation 51 where the use of    in equation 19 and 36.  This 
allows for the direction of each gripper to be handled specifically so that the sign 
of the position is handled properly.   Then the force of each system is processed 
through a dead zone block.  Any value that passed through this block that is 
within the limits is changed to zero and any value that is outside of the limits is 
not changed.  The limits were set to not let any negative forces pass through the 
block.  A negative force would represent the ball pulling on the grippers and this 
does not occur.  If a negative force was allowed to go though the Simulink file the 
center position cannot be controlled because the controller would react to a force 
that doesn’t actually exist. 
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Figure 28: Matlab Simulink Subsystem 1 
 
The incoming voltage from the encoders is converted by multiplying a 
conversion factor that was found in the setup of the ball screw and encoder.    
The voltage is converted into linear position of each gripper halves in inches.  
There are two signals coming in so a demux block is used to split the signal.  
Then each signal is run through an approximate derivative block that will 
calculate the velocity of each ball screw.  Then the center position is calculated 
by subtracting the position of system 2 from system 1.  This is then divided by 2.  
The velocity of the center position can be found mathematically by taking the 
derivative of equations 16 and 17. 
                                                        (53) 
                                                       (54) 
These equations show that taking the derivative of either signal will display 
the velocity of the center of the ball.  The only difference being the negative sign 
in the second system.  The center position and velocity are then sent to all of the 
subsystems that use it to calculate the sliding variables and error for tracking.  
These subsystems will be described next. 
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Figure 29: Matlab Simulink Subsystem 6 
 
This subsystem represents equations 22, 23, and 25.  A constant signal of 
0 is used for the desired position and velocity that the regulator will track to.  This 
is part of equation 30 that is used for the regulating of the center position of the 
system.  The output of this subsystem is then sent to Subsystem 4 which is 
described next. 
 
Figure 30: Matlab Simulink Subsystem 4 
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Subsystem 4 is the plant representation of equation 30. The end result of 
this subsystem is the control effort for the regulating of the position of the motor.  
This is sent to Subsystem 2 which converts this effort into a voltage. 
 
Figure 31: Matlab Simulink Subsystem 5 
 
Subsystem 5 is used to define the dynamic variable from equation 46 and 
the sliding variable for impedance control as defined in equation 41.  These are 
then sent to Subsystem 3 which calculates the control effort used for impedance 
control. 
 
Figure 32: Matlab Simulink Subsystem 3 
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This subsystem represents equation 51 and creates the control effort for 
impedance control.  This control effort is then sent to subsystem 2 to be 
converted into a voltage. 
 
Figure 33: Matlab Simulink Subsystem 2 
 
Subsystem 2 represents equation 52, which uses matrix math to convert 
the control efforts into individual voltages that are sent to each motor.  The block 
before the matrix gain named M-1 is a mux block that combines the two signals 
into one array that is then multiplied by the inverse of the matrix defined in 
equation 52 so that the voltages can be calculated.  After the gain block is a 
demux block that splits the array into two separate signals again.  These signals 
are sent to Subsystem 1 which multiplies the voltages by the appropriate gain to 
account for the different amplifiers being used. 
 
Figure 34: Matlab Simulink Subsystem 
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This is the last subsystem before the signal is sent out to the physical 
system.  This multiplies each voltage by a gain that accounts for the different 
gains for each amplifier.  It also uses a mux block that combines the signals into 
an array again so that it can be sent out to the Analog Output block and sent to 
the physical system.  This is how the DAQ will use the signal. 
5.3 TEST 
Next the Matlab code, which defined all of the variables in the Simulink 
file, was developed and can be found in the appendix.  The mass of the grippers, 
inertia of the ball screws, resistance coefficient, inductance coefficient, torque 
constant, damping coefficient, motor inertia, and conversion factor from rotation 
in the ball screw to linear position of the gripper were all measured or recorded 
from the manufacturer’s specifications.  Ts is the time step with which the analog 
signals were ran with.  All other variables are based off of the previously defined 
variables or adjusted for tuning during operation of the controller. 
 
Figure 35: Center Position of Ball throughout Stroke 
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The graph in Figure 35 shows the variation in the center position of the 
ball throughout the forging cycle.  The Y axis shows the position change in mili-
inches with the max movement from center of only .004 inches. This is well within 
the requirement for success of thesis. The controller was installed and tuned to 
the extent that the gripper was able to maintain contact with the outside of the 
ball, achieve the desired impedance of the system, and maintain the center 
position of the ball at the same time.  The results for both stages of the 
implementation are presented in the conclusion in the next chapter.  
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CHAPTER VI 
RESULTS 
 6.1 POSITION CONTROL RESULTS 
 The first part of the experiment shows that it is possible to design a DC 
motor powered gripper that can hold onto a billet while it is being forged.  This 
was done without the gripper being destroyed by using sliding mode control.  Not 
only will the system not be destroyed it will control the centerline position of the 
working material and maintain contact with the outside surface of the working 
material throughout the entire forging operation.  This was done with only one 
regulator controlling the position without impedance control. The average final 
displacement of the centerline of the ball was .00037 meters which is roughly 
.83% from the initial position, this is better than the goal of 10%. The graphs 
below show that the controller returns the position of the grippers with the same 
velocity as the ball elastically returned to form.   
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Figure 36: Position of Gripper A with Respect to Time 
 
 
Figure 37: Position of Gripper B with Respect to Time 
 
 
Figure 36 and 37 show the position of each individual gripper during a 
forging trial.  These graphs display the change in diameter of the ball and the 
center position being moved from the forge process.  They also show how the 
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regulator allowed the gripper to move with the outside diameter of the ball, but at 
the same time controlling the center position.  This was accomplished by not 
letting the ball travel too far from the initial position and moving the ball back to 
center when the press returned to top position. 
The next graphs show the voltage that was sent to the amplifiers and then 
passed to the motors.  The voltages were within the range that was determined 
in Chapter 2 of -10 to 10 volts.  This was critical in order to work within the 
boundaries of the equipment that was used.   Figure 38 also shows that the 
controller can be design to perform the functions without using an excessive 
amount of power. 
 
 
Figure 38: Voltage of Gripper A with Respect to Time 
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Figure 39: Voltage of Gripper B with Respect to Time 
 
Figures 40 and 41 show the sliding mode responses to the forge 
operation.  The time that it took to return to the stable sliding plane, where s=0, 
was less than the .5 seconds, which was specified in chapter 4 for success of the 
controller. 
  
Figure 40: Sliding Mode of Gripper A with Respect to Time 
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Figure 41: Sliding Mode of Gripper B with Respect to Time 
 
 The results from the experiments ran in chapter 4 are in the next table 
shown in figure 42 . The initial and final position of each system was recorded, 
then the final position of the each system was added together to get the final 
center position of the ball.  To have some point of reference to calculate a 
percent change the initial diameter of the ball was used to divide the change in 
center position. This gives a normalized value of change for an easier 
comparison. 
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Diameter of 
ball(m)= 0.0445       
SYSTEM A SYSTEM B   
Initial Position(m) 
Final 
Position(m) 
Initial 
Position(m) Final Position(m) 
Total 
Displacement(m) 
0 0.0004 0 0 0.0004 
0 0.00025 0 0 0.00025 
0 0.0001 0 0.0006 0.0007 
0 0.0001 0 -0.0002 0.0001 
0 -0.0001 0 0.0005 0.0004 
      
Average 
Displacement(m) 0.00037 
      Avg. Percent change 0.83% 
 
Figure 42: Sliding Mode of Gripper B with Respect to Time 
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 6.2 POSITION AND IMPEDANCE CONTROL RESULTS  
 The center position of the ball for the second part of the thesis is a 
measured output from the controller that could be plotted versus time without 
doing math post measurement.  It can be observed from the graph below that the 
center position of the ball did move during the forging operation, as shown by the 
spike on the graph.  But the controller was able to respond to the change in 
diameter and return the ball to the center of the die. There is some chatter at the 
end and it is hovering around about .00025 meters.  That is about a .56% change 
in position using the same method that was described above to calculate percent 
change which is better than the average that was achieved with the regulator.  
The chatter that is seen at the end of the plot is very small and not visible to the 
naked eye and was deemed not important to try and optimized the controller to 
reduce. 
 
Figure 43: Center Position of Ball throughout Stroke 
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 The next graph in figure 44 shows how the sliding mode variable that 
controlled the center position reacted to the forge cycle.  At the end of the run, 
one can see the chatter that is illustrated in the position.  Overall, the controller 
returns to the sliding plane of zero before the required time, like the regulator, 
beating the goal of .5 seconds for the controller to return to zero. 
 
 
Figure 44:  Sliding Variable for Center Position of Ball 
 
Figure 45 displays the graph of the sliding mode variable for impedance.  
It also shows how the controller was able to react to the forging process and treat 
it as a large disturbance and return the impedance back to the desired values. 
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Figure 45:  Sliding Variable for Impedance of Motors 
 
 The impedance of the motors is not directly controlled or monitored in this 
thesis.  Only the impedance of the entire system was regulated and this was 
done by monitoring the dynamic variable, z, and regulating that to the desired 
values.  Figure 46 shows a graph of the measured z values through the forge 
process compared to the theoretical values.  The theoretical values for z were 
calculated with the same position and velocity data that was measured for the 
measured data run.  This data was input into equation 46 from chapter 5. It can 
be seen from the graph in figure 46 the measured data followed very closes to 
the theoretical values.   
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Figure 46:  Dynamic Variable Measured and Theoretical Vs. Time 
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CHAPTER VII 
 
CONCLUSION 
 
7.1 CONCLUSION 
 
The introduction of a new age in forging manipulator control design was 
developed in this thesis.  Although in its very early stages, the control design 
described in this thesis has moved forging into the twenty-first century by 
introducing sliding mode control to manipulator design.  There are several 
optimizations that need to be made and a few additional pieces of equipment 
added to make the control system more robust, but what has been developed 
can be used as a guide for future control design. 
The thesis separated the problem of controlling the center position of a 
billet and maintaining contact with the outside diameter during a forge operation 
into two experiments.  The first experiment was to prove that a gripper could be 
design that would maintain the center position of the billet without being 
destroyed during a forge operation.  Part one of the solution was successful, 
meeting all of the requirements defined in this thesis.  Success was 
accomplished by defining the properties of the system and creating plant from 
them.  This plant was then used to design a controller that, after some tuning, 
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would regulate the center position of the ball by monitoring the positions of the 
grippers.  This success paved the way for the next step of adding impedance 
control to the design. 
The implementation of the position and impedance control was also 
successful.  The main goal was to be able to prove that the design could be 
made so that a controller ran within all of the same limits defined in the first 
experiment, but controlled the impedance and position of the system. Impedance 
and position control was accomplished by introducing two regulators into the 
control design.  The first regulator would control the position of the center of the 
ball through driving the difference between the measured position of the center of 
the ball and desired position of the center of the ball to zero.  The second 
regulator controlled the impedance of the system by driving the dynamic variable, 
which represented the desired system impedance, to the values that were 
required. 
Both of the experiments show successful results.  However, the 
optimization of the controller and installation of load monitors need to be address 
in order for an actual installation of a gripper utilizing sliding mode control to be 
successful.  In the next section the future work for further success will be 
discussed 
7.2 FUTURE WORK 
 
 This thesis should be used a reference for future work in the field of 
manipulator control design using sliding modes for forging processes.  Included 
in this work was a mock setup of an upset operation that is commonly used in 
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forging processes, which helps validate the feasibility of the control being 
implemented in the real world.  By having the mock setup and few deficiencies 
were able to be spotted and should be improved upon. 
 The issue of having to model the force acting on the gripper as a spring 
based on the position of the gripper and the center position of the ball is not 
ideal.  It does not represent the forging process closely enough.  This could result 
in failures in the field.  Another issue is the chatter that was ignored in the results 
could present problems if not reduced.     
 The first item that needs to be address is the need to measure the force 
that the forging, or ball in the case of this thesis, applies to the gripper.  In order 
to do this, a load cell or strain gauge should be mounted to the face of the gripper 
that comes in contact with the part that is being deformed in the forging process.  
The real time feedback of the force will allow the gripper to more accurately react 
to the changing diameter.  Also, the impedance that the gripper imposes onto the 
work piece will be able to be measured and regulated directly.  With the direct 
impedance control the part will be protected from the gripper being forged into 
the work piece with more confidence.   
 The problems with chatter can be regulated with more optimization of the 
control design through tuning of the sliding mode controller.  The tuning will 
reduce the sliding mode from trying to react too aggressively by controlling the 
switching mechanism of the sliding mode.  This will create a more stable control.   
Direct force measurement should help to reduce the chatter by bringing the 
correct force values to the plant instead of the approximation. 
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 The final part of future work would be to run the control system with a real 
forging process.  This would include a forging press that plastically deforms 
metal, while the gripper maintains hold of the outside diameter of the billet, during 
the process.  This thesis provides an opportunity for the forging industry to bring 
their methods of part handling into the twenty-first century.  With the use of 
sliding mode control the forging industry will be able to provide less variations 
and faster production speeds to their manufacturing process.  There are no limits 
to the process modifications and improvements that can be made so that the 
forging industry will be the most sought after provider raw materials for all 
assemblies of metal products. 
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APPENDIX A 
MATLAB PROGRAMS 
 
Matlab Code that Describes the A, B, C, D Matrices for Each 
System 
% SYSTEM A 
A = [0 1; 0 -22.5]; 
B = [0; .328]; 
C = [1 0]; 
D = [0]; 
% SYSTEM B 
A1 = [0 1; 0 -22.6]; 
B1 = [0; .437]; 
C1 = [1 0]; 
D1 = [0]; 
Matlab Code that Transforms the A, B, C, D Matrices 
 
% SYSTEM A 
% ESTABLISH THE SIZE OF THE INPUT DISTRIBUTION MATRIX 
[nn, mm] = size(B); 
% PERFORM QR DECOMPOSTION ON THE INPUT DISTRIBUTION MATRIX 
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[Tr temp] = qr(B); 
Tr = Tr’; 
Tr = [Tr (mm+1: nn, : ) ;Tr (1:mm, : )]; 
Clear  temp 
% OBTAIN (areg, breg); REGULAR FORM DESCRIPTION 
Areg = Tr*A*Tr’; 
Breg = Tr*B; 
% OBTAIN MATRIX SUB-BLOCKS FOR SLIDING MODE COTROLLER 
DESIGN 
A11 = Areg (1:nn-mm, 1:nn-mm); 
A12 = Areg (1:nn-mm, nn-mm+1:nn); 
A21 = Areg (nn-mm+1:nn, 1:nn-mm); 
A22 = Areg (nn-mm+1:nn, nn-mm+1:nn); 
B2 = Breg (nn-mm+1:nn, 1:mm); 
% SYSTEM B 
% ESTABLISH THE SIZE OF THE INPUT DISTRIBUTION MATRIX 
[nn, mm] = size(B1); 
% PERFORM QR DECOMPOSTION ON THE INPUT DISTRIBUTION MATRIX 
[Tr1 temp1] = qr(B1); 
Tr1 = Tr1’; 
Tr1 = [Tr1 (mm+1: nn, : ) ;Tr1 (1:mm, : )]; 
Clear  temp1 
% OBTAIN (Areg1, Breg1); REGULAR FORM DESCRIPTION 
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Areg1 = Tr1*A1*Tr1’; 
Breg1 = Tr1*B1; 
% OBTAIN MATRIX SUB-BLOCKS FOR SLIDING MODE COTROLLER 
DESIGN 
A111 = Areg1 (1:nn-mm, 1:nn-mm); 
A121 = Areg1 (1:nn-mm, nn-mm+1:nn); 
A211 = Areg1 (nn-mm+1:nn, 1:nn-mm); 
A221 = Areg1 (nn-mm+1:nn, nn-mm+1:nn); 
B21 = Breg1 (nn-mm+1:nn, 1:mm); 
 
Matlab Commands that Creates the Matrices Contained in the 
Plant of the Regulator. 
 
 
% SYSTEM A 
DP=[-12]; 
M=place(A11, A12,DP); 
S2=eye(mm); 
S=[M S2]*Tr; 
K=inv(S*B)*S*A; 
SB1=inv(S*B); 
% SYSTEM B 
DP1=[-12]; 
M1=place(A111, A121,DP1); 
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S21=eye(mm); 
S1=[M1 S21]*Tr1; 
K1=inv(S1*B1)*S1*A1; 
SB11=inv(S1*B1); 
 
Matlab Code that Defines Position and Impedance Control 
Simulink 
m1 = .96; 
m2 = 1; 
Js = 3.4*10^-5; 
Ra =.9; 
La = 2.5*10^-3; 
alpham = .07; 
b = .071; 
Jm = .000054; 
tau = (Jm*La)/((Ra*b)+(alpham^2)); 
a = alpham/(Jm*La); 
l = .0176; 
A = .7; 
Kpz = .7; 
Kuz = .7; 
Kf = .7; 
F1 = .7; 
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F2 = .7; 
alpha1 = (l / (2*pi*tau)) / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m1*l) / (2*pi*Jm))); 
alpha2 = (l / (2*pi*tau)) / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m2*l) / (2*pi*Jm))); 
theta1 = a / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m1*l) / (2*pi*Jm))); 
theta2 = a / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m2*l) / (2*pi*Jm))); 
delta1 = (l / (2*pi*Jm)) / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m1*l) / (2*pi*Jm))); 
delta2 = (l / (2*pi*Jm)) / ((l / (2*pi)) + ((l*Js) / (2*pi*Jm)) + ((m2*l) / (2*pi*Jm))); 
M = [theta1, -theta2; (delta2/(delta1*theta1), -theta1]; 
Minv = inv(M); 
Ts = 1*10^-3; 
Matlab Code that Filters the Center Position Measured, 
Calculates the Theoretical Dynamic Variable, and compares it to 
the Measured Dynamical Variable. 
%Define Butterworth Filter for Center Position 
N=4; 
ts=.001; 
fs=1/ts; 
wn=7/(fs/2); 
[B,A]=butter(N, wn, 'low'); 
xc=filter(B,A,XC); 
plot(dt,XCcheck, dt,XC) 
%Define Butterworth Filter for Dynamic Variable 
wn1=15/(fs/2); 
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N1=4; 
[D,C]=butter(N1, wn1, 'low'); 
Zf=filter(D,C,Z); 
%Define Theoretical Dynamic Variable 
Zt=((-1)*((F1*xc)+XCdot))/F2; 
%Filter Dynamic Variable 
zdotf=filter(D,C,zdot); 
plot(t,zdotf,t,Zt) 
